ABSTRACT During research on the life history characteristics of insidious ßower bug, Orius insidiosus (Say), fed soybean aphids, Aphis glycines Matsumura, the mouthparts of some predators were covered by a substance excreted from the cornicles of attacked aphids. The cornicle exudate was found to encumber both nymphs and adults of O. insidiosus causing death because of molting failure and starvation. Among predator stages, Þrst instars were most severely affected. Feeding frequency affected the number of predators affected by the exudate, with predators fed more often having higher rates of exudate exposure and mortality. Soybean aphids produce exudate during all life stages, and its production does not seem to compromise the survival of the aphid. The exudate also seems to contain an alarm pheromone as evidenced by increased movement and activity of aphids in the vicinity of exudate-producing aphids. The potential impact of the aphidÕs cornicle defenses on aphidÐpredator dynamics in soybean, Glycine max (L.) Merr., is discussed.
THE INDIGENOUS ANTHOCORID Orius insidiosus (Say) (Hemiptera: Anthocoridae), has been identiÞed as an important predator of the introduced soybean aphid, Aphis glycines Matsumura, in soybean, Glycine max (L.) Merr., in the United States (Rutledge et al. 2004) . In a study of the life history characteristics of O. insidiosus fed soybean aphids, we observed a ßuid being extruded from the cornicles of aphids under attack by the predator. This behavior has not been reported for soybean aphid, although it has been observed in other aphid species as a defense against attack from natural enemies (Hagen et al. 1999 ). These exudates have been shown to serve to contain an alarm pheromone, which results in rapid dispersal of clustered aphids (Blum 1981) . Exudates also can encumber an attacking predator, reducing the predatorÕs feeding activity, impairing its behavior, or causing death from starvation or other causes (Miyazaki 1987) . In this article, we report the impact of the cornicle exudate from soybean aphid on the survival of O. insidiosus and the effect of exudate production on survival and behavior of the soybean aphid.
Materials and Methods
O. insidiosus used in this study were laboratory reared from individuals collected near West Lafayette, IN. Predators were reared in an environmental growth chamber at 22ЊC, 65% RH, and a photoperiod of 16:8 (L:D) h. Predators were kept in petri dishes (14 cm in diameter) Þlled with plastic beads (0.4 Ð 0.8 cm in diameter) to reduce cannibalism and fed ad libitum with Ephestia kuehniella Zeller eggs and pollen. The colony was initiated in August 2003 and completed an estimated four to Þve generations from collection to experiments. Soybean aphids were reared on soybean plants grown in the greenhouse at Purdue University, West Lafayette, IN. All experiments were conducted in an environmental growth chamber at 22ЊC, 65% RH, and a photoperiod of 16:8 (L:D) h.
Exudate Impact on Predators. For nymphal predators, predator eggs close to hatching were separated and checked daily for eclosion. Upon hatching, 25 Þrst instars of O. insidiosus were placed individually in 29.6-ml cups containing a soybean leaf disk (2.5 cm in diameter) and fed daily 1, 3, 6, or 12 (ad libitum) second to third instars of soybean aphid. Soybean aphids that had been attacked by the predator were replaced daily. The leaf disk and aphids were changed every 3 d. Predators were checked daily for molting and mortality until adulthood. Predators showing evidence of exposure to cornicle exudate were followed to observe their fate. Here, exposure is deÞned as a visual observation that the exudate was adhered to the predatorÕs mouthparts or other body regions. We use the term encumber to describe negative effects of the exudates on predator behavior or survival. Treatment differences in the number of nymphs dying because of exposure to cornicle exudate were compared using 2 analysis (PROC FREQ, SAS Institute 2001). Because there were few observations of fourth instars of O. insidiosus being exposed to the exudate, we repeated the experiment with 24 newly eclosed fourth instars assigned to each of the four feeding treatments.
To measure the impact of the exudate on the longevity of male and female predators, 20 newly eclosed pairs of male and female O. insidiosus were placed in 297.9-ml plastic boxes containing 24 second to third instars of soybean aphid on a soybean leaßet inserted into an 11-ml water-pic. Predators that escaped or that were accidentally killed were replaced. Predators were checked daily for mortality, and those exposed to cornicle exudate were followed to observe their fate. The experiment was conducted until all females had died, leaving two males alive at the termination of the experiment. Statistics and comparisons were made only for predators that had died up to last day of the experiment. Also predators that had escaped or that were killed accidentally were not included in analysis. The longevities of exposed and unexposed male and female predators were compared using t-tests (PROC TTEST, SAS Institute 2001) .
To test the effect of feeding frequency on exudate impact on predators, 19 Ð23 newly eclosed females were mated, placed individually in a 297.9-ml plastic box and fed daily one (n ϭ 20), three (n ϭ 23), six (n ϭ 20), or 12 (ad libitum; n ϭ 19) second to third instars of soybean aphid. Soybean aphids were maintained on a soybean leaßet inserted into an 11-ml water-pic. Attacked soybean aphids were replaced each day, and the leaßet was changed every 4 d. Predators were checked daily for mortality. Predators exposed to cornicle exudate were followed to observe their fate. Treatment differences in the number of adults dying because of exposure to cornicle exudate were analyzed with a chi-square test (PROC FREQ, SAS Institute 2001). Effects of cornicle exudate on the longevity of exposed and unexposed predators within treatments were compared using t-tests (PROC TTEST, SAS Institute 2001).
Exudate Impact on Aphids. Observations were made of the effect of cornicle exudate production on the survival of soybean aphid nymphs and adults. Twenty aphids of each life stage were separated for study from the soybean aphid colony. One-half of the aphids were mechanically stimulated to produce exudate by being prodded in the thorax with a 27-gauge hypodermic syringe. The other half of the aphids were placed in a 000-size gelatin capsule with a young (Ϸ1 wk old) O. insidiosus adult female starved for the previous 24 h. The predator was allowed to brießy (Ͻ5 s) insert its beak into the soybean aphid before separation of aphid and predator. Both mechanically stimulated and predator-attacked aphids were then placed individually in 29.6-ml cups containing a soybean leaf disk (2.5 cm in diameter). We noted whether the aphid exuded droplets, its survival over 24 h, whether the aphid molted, and for adult aphids, if they reproduced.
To detect potential alarm pheromone activity associated with the exudate, behavioral observations were made of soybean aphids from the laboratory colony and of aphids collected from local primary host plants, Rhamnus cathartica L. For colony aphids, a single adult was separated on a soybean leaßet and allowed to produce a small colony of Ϸ20 individuals. Aphids from local R. cathartica plants consisted of single leaves with clusters of Ϸ20 individuals that were a mixture of gynoparae and oviparae. Individual colonies were then placed under a stereomicroscope and allowed to acclimate for 10 min before an aphid from the middle of the colony was mechanically stimulated, as described above, to produce exudate, and observations were made of the aphidsÕ behavior for 20 min. We characterized Þve behaviors of soybean aphids in reaction to exudate. "Dispersal" was characterized as relatively rapid movement away from the observation area. "Waggling" was characterized as vigorous sideto-side motion in one place, whereas "restlessness" was a more gentle body movement of the aphid. Aphids also were observed "kicking," the rapid and frequent elevation of one or more legs above the leaf surface, and "no reaction" meant the aphid did not react to the exudate in the observation area. Five colonies from Rhamnus and four colonies from the laboratory were studied. To avoid possible pheromone contamination, at least 0.5 h elapsed between observations of individual colonies.
Results

Impact on Predators.
Overall, there were 27 incidents of exposure of O. insidiosus nymphs to exudate from soybean aphid. Twenty-two (81.5%) incidents resulted in the death of the nymph. Of the nymphs that died, 45.5% (10/22) failed to attack additional prey and starved. Other consequences included molting failures, which accounted for 36.7% (8/22) of the mortality or the death of the nymphs stuck by the exudate to the leaf surface, which accounted for an additional 18.2% (4/22) of the deaths. First instars accounted for 13 of the 27 cases of exposure to the exudates, 11 of which died. Larger instars were less affected with Þve, two, one, and six exposures for second, third, fourth, and Þfth instars, respectively. There were four, two, and Þve deaths for second, third, and Þfth instars, respectively. The one fourth instar exposed to the exudate survived. When we repeated the experiment with 24 fourth instars, only one became exposed, and it, too, survived. The proportion of nymphs that died because of exudate exposure relative to the numbers that died from other causes was fairly constant for the Þrst three instars, accounting for 31.4, 30.8, and 28.6% of the mortality, respectively. The proportion of predators dying because of exudate exposure increased to 41.7% for Þfth instars. Nymphs that were fed 12 aphids per day had the greatest percentage of deaths with 32.0% (8/25) of nymphs dying. However, feeding frequency had no signiÞcant effect on the number of O. insidiosus nymphs that died because of exposure to the cornicle exudate ( 2 ϭ 3.38, df ϭ 3, P ϭ 0.3365).
For pairs of male and female predators, 23.7% (9/38) died because of exudate exposure; seven of 18 males (38.9%) and two of 20 females (10.0%). Mean longevity for unexposed females was 26.4 Ϯ 5.2 d (mean Ϯ SE). Exposed females lived an average of 19.5 Ϯ 1.5 d. Unexposed males lived an average of 19.7 Ϯ 5.9 d. Longevity for males that were exposed to soybean aphid exudate was 12.4 Ϯ 5.8 d. There were no signiÞcant differences in longevities in exposed versus unexposed male (t ϭ 0.84, df ϭ 16, P ϭ 0.416) or female (t ϭ 1.05, df ϭ 18, P ϭ 0.306) O. insidiosus adults.
Overall, 23 females in the feeding frequency study were exposed to exudate. Thirteen (56.5%) of the exposed females died. Feeding frequency had a signiÞcant effect on adult female mortality ( 2 ϭ 16.12, df ϭ 3, P ϭ 0.0011). Eight of 19 (42.1%) females fed 12 aphids daily died because of exudate exposure. Comparatively, 20% (4/20) and 4.3% (1/23) of females died because of exudate exposure when fed daily six or three soybean aphids, respectively. No females fed only one soybean aphid daily died because of exudate exposure. Females that died because of exudate exposure either failed to attack additional prey and thus starved to death, or they became stuck on the leaf surface. The treatments in which females were fed 12 and six aphids daily were the only two treatments to provide a sufÞcient number to compare longevities of exposed and unexposed predators. Mean longevity of unexposed females (n ϭ 11) fed 12 aphids daily was 39.0 Ϯ 10.23 d. Exposed females (n ϭ 8) fed 12 aphids daily lived on average 22.4 Ϯ 5.06 d. Mean longevity of unexposed females (n ϭ 16) fed six aphids daily was 46.3 Ϯ 6.72 d. Exposed females (n ϭ 4) fed six aphids daily lived on average 34.5 Ϯ 9.40 d. There were no signiÞcant differences in longevities in exposed and unexposed females fed 12 aphids per day (t ϭ 1.46, df ϭ 14.3, P ϭ 0.167) or fed six aphids per day (t ϭ 0.82, df ϭ 18, P ϭ 0.425).
Impact on Aphids. Overall, 65.0% of the aphids exuded droplets after either mechanical stimulation or after attack by predators (Table 1 ). For soybean aphids that were mechanically stimulated, 18.0% did not survive to the next day. For soybean aphids attacked by a predator, 84.0% did not survive to the next day. Of the 32 soybean aphid nymphs that were mechanically stimulated and that survived to the next day, 24 (75.0%) continued to develop and molted to the next instar. In contrast, of the four soybean aphid nymphs that survived an O. insidiosus attack, only one successfully molted to the next stage. For adult soybean aphid, 77.8% of mechanically stimulated individuals and 75.0% of predator-attacked aphids produced nymphs.
Alarm Pheromone Activity. Seventy-Þve percent (58/77) of laboratory-reared individuals showed no reaction to the exudate. The remaining individuals exhibited restlessness (7.8%), kicking (1.3%), waggling (2.6%), and dispersal (13.0%). In contrast, 65 of the 79 (82.0%) soybean aphids in R. cathartica colonies exhibited a response to the soybean aphid exudate. The two most common behaviors were dispersal (35.4%) or waggling (41.8%). The remainder exhibited no reaction (17.7%), restlessness (2.5%), and kicking (2.5%).
Discussion
Escape and defensive behaviors of aphids are varied and include responses such as dropping from the plant, kicking, or pulling away if an appendage is grasped, and encumbering attacking predators with substances secreted from the cornicles (Dixon 1958 , Hagen et al. 1999 . In Þeld observations, Edwards (1966) found shriveled bodies of the hymenopteran parasitoid Aphidius sp. stuck by exudate to their host, Aphis fabae (Scopoli). Additionally, the small theridiid spider Coleosoma floridanum Banks was found to be affected by the cornicle exudate of its prey Acyrthosiphon pisum (Harris) (Cutler 1972) . Predators with exudate on tarsi or mouthparts reacted by wiping the affected area but were able to resume attack after cleaning. Nault et al. (1973) noted in their studies with Nabis americoferus Carayon and A. pisum that predators with exudate droplets on antennae, eyes, or mouthparts reacted by wiping smeared parts on the leaf surface or falling to the ground. Our Þnding of a defensive role for soybean aphid cornicle exudates are the Þrst report of it. Because the aphid is attacked by a variety of natural enemies (Ragsdale et al. 2004 ), further work is needed to determine how effective its cornicle-based defenses work against other predator or parasitoid species.
In general, smaller instars suffered higher mortality from exudate exposure, although fourth instars of O. insidiosus were not particularly vulnerable. The reasons why fourth instars were not affected by the exudate remain obscure because both third and Þfth instars were clearly encumbered by the exudate and died at relatively high rates because of exudate exposure. A possible reason could be that Þfth instars of O. insidiosus consume more than fourth instars (C.B., unpublished data), hence putting themselves more at risk to exudate-related mortality. However, earlier instars typically had lower feeding rates than fourth instar predators (C.B., unpublished data), and we did not detect a signiÞcant effect of feeding frequency on mortality because of exudate exposure. Although there may be an interaction between predator size and feeding rate that affects the relative risk of predators to the exudate, further research is required to clarify it. Our results suggest that soybean aphid exudate may contain an alarm pheromone. Soybean aphids taken from wild R. cathartica plants reacted readily when droplets were exuded by attempting to run away or by waggling their body. The lack of reaction by laboratory-reared soybean aphids may be because of their acclimatization of any putative pheromone in the proximity of the rearing environment. We did not test the reactiveness of wild aphids collected directly from soybean Þelds, although we suspect that such aphids also would demonstrate behavioral responses to exudate production. Whereas alarm pheromones have been reported from a number of aphid species (Kinslow and Edwards 1972 , Nault et al. 1973 , Montgomery and Nault 1977 , this is the Þrst report of possible alarm pheromone production by the soybean aphid.
The production of exudate does not seem to compromise the aphidÕs survival because mechanically stimulated aphids readily produced the exudate and showed high survival rates. However, aphids attacked brießy by predators showed low survival, suggesting that O. insidiosus may be injecting an enzyme or toxin to kill or immobilize soybean aphids, as has been shown for other piercingÐsucking predators (Cohen 1990) . Because soybean aphids often occur in colonies of clonal individuals, the production of exudate may increase the survival of sibs in spite of the death of the exudate-producing aphid. Whether acting also as an alarm pheromone or simply via the physical encumbrance of affected predators, exudate production in soybean aphids may provide substantial protection against attack by predators such as O. insidiosus.
Soybean aphid defense against attack by O. insidiosus had signiÞcant detrimental effects on the predatorÕs survival, causing death by starvation, molting failure, or physical attachment to leaf surfaces. The magnitude of mortality can be very high, accounting for 28.6 Ð 47.1% of nymphal deaths and up to 23.7% of adult deaths. Although both male and female adult predators suffer considerable mortality because of the exudate, it did not seem to affect their average longevity because exudate-mediated mortality occurs throughout the life of the predators. Field research will be needed to determine whether predators are signiÞcantly affected by the exudate there, although both exudate-producing aphids (R.J.O., unpublished data) and encumbered predators (N. Desneux, unpublished data) have been observed in soybean. If the aphidÕs defense acts as an "indispensable" source of mortality (Southwood 1978) , it could signiÞcantly affect predator population densities and their impact on soybean aphid population dynamics. Further research should help illuminate the ability of the soybean aphid to protect itself from attack and what mechanisms natural enemies use to overcome the aphidÕs defensive posture.
